Nanoparticles functionalized with surface ligands are frequently used for targeted delivery of drugs, proteins, and genes to cells bearing specific receptors.^[@ref1],[@ref2]^ Since receptor binding can trigger downstream signaling in the target cell, nanoparticle engagement of membrane receptors can also be used to directly induce biological responses.

We have previously described nanoscale artificial antigen presenting cells (nano-aAPC), 50--100 nm in diameter, as the first nanoparticles that induce antigen-specific T cell activation by presenting critical T cell activating proteins, including peptide in the context of major histocompatibility complex (MHC), to cognate T cell receptors (TCR).^[@ref3]^ Fixing MHC-peptide to a solid support significantly enhances T cell activation compared to soluble MHC,^[@ref3]−[@ref6]^ which has led to the development of aAPC as vaccine platforms.

While TCR--MHC interactions have been extensively studied for MHC presented on cells^[@ref7]^ and cell-sized, MHC-coated particles,^[@ref8]−[@ref11]^ receptor--ligand interactions at the cell--nanoparticle interface are not well understood and are likely to have unique properties.^[@ref12]^ For example, T cell activation induces a state of persistently enhanced nanoscale TCR clustering,^[@ref13]−[@ref16]^ and nanoparticles might be sensitive to clustering at this scale in a way that larger particles are not.

Furthermore, nanoparticle interactions with TCR clusters could be exploited to enhance receptor triggering. T cell activation is mediated by aggregation of signaling proteins,^[@ref17]^ with "signaling clusters", 100's of nanometers across, initially forming at the periphery of the T cell--APC contact site and migrating inward.^[@ref18]^ We hypothesized that an external magnetic field could drive aggregation of paramagnetic nano-aAPC bound to TCR, resulting in aggregation of TCR clusters and enhanced activation of naive T cells.

Magnetic fields can exert appropriately strong forces on paramagnetic particles, but are otherwise biologically inert, making them a powerful tool to control particle behavior.^[@ref19],[@ref20]^ In our approach, T cells bound to paramagnetic nano-aAPC are activated in the presence of an externally applied magnetic field. Nano-aAPC are themselves magnetized and attracted to both the field source and nearby nanoparticles in the field,^[@ref20],[@ref21]^ inducing bead and thus TCR aggregation to boost aAPC-mediated activation.

Here, we show that nano-aAPC bound more TCR on and induced greater activation of previously activated compared to naive T cells, consistent with the hypothesis that nano-aAPC can bind to nanoclusters of TCR. In addition, application of an external magnetic field induced nano-aAPC aggregation on naive cells, enhancing T cell proliferation *in vitro* and following adoptive transfer *in vivo*. Importantly, in a melanoma adoptive immunotherapy model, T cells activated by nano-aAPC in a magnetic field mediated tumor rejection.

Results and Discussion {#sec2}
======================

Nano-aAPC Preferentially Stimulate Activated T Cells {#sec2.1}
----------------------------------------------------

T cell stimulation requires two activating signals delivered by endogenous APC: signal 1, a cognate antigenic peptide presented in the context of MHC that binds the TCR; and signal 2, one of a number of co-stimulatory receptors that modulate T cell responses.^[@ref22]^ Nano-aAPC are synthesized by coupling chimeric MHC-Ig dimer (signal 1) and anti-CD28 antibody (signal 2) to 50--100 nm paramagnetic iron--dextran nanoparticles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), which were selected as a nanoscale particle platform due to their extensive characterization and biocompatibility.^[@ref23]^ Protein coupling to particles was characterized by labeling with a fluorescent antibody against the protein of interest ([Supplementary Figure 1](#notes-3){ref-type="notes"}). Nano-aAPC present 13 ± 3 MHC-Ig dimers and 12 ± 5 anti-CD28 antibodies per particle, for a protein density of 96 ± 10 and 92 ± 12 protein/μm^2^, respectively ([Supplementary Table 1](#notes-3){ref-type="notes"}).

![Nano-aAPC binding to naive and activated cells. (A) Schematic of nano-aAPC synthesis by coupling MHC-Ig dimers and co-stimulatory anti-CD28 to iron--dextran nanoparticles. (B) Proliferation of naive (left) and activated (right) pmel T cells measured by CFSE dilution 3 days after stimulation with nano-aAPC presenting 8 ng of Db-GP100. Unstimulated controls in gray. (C) Fold expansion of naive (red) and activated (blue) cells seven days after nano-aAPC stimulation. Nano-aAPC presenting 8 ng or less of MHC-Ig induced minimal proliferation in naive cells (\*, *p* \< 0.01) compared to activated T cells. (D) Disassociation of Kb-SIY nanoparticles bound to 2C T cells (half-lives significantly different, *p* \< 0.02 by paired Student's *t* test; [Supplementary Table 1](#notes-3){ref-type="notes"}). (E) Mean TCR--MHC contacts made between Kb-SIY dimers (MHC-Ig) and Kb-SIY nanoparticles (Particle) with naive (red) and activated (blue) cells as estimated from disassociation data (*p* \< 0.05 by ANOVA with Tukey's post-test; see [Supplementary Table 1](#notes-3){ref-type="notes"}). (F) Equilibrium binding of increasing doses of nano-aAPC (measured by total MHC-Ig presented) to naive (red) and activated (blue) cells (*p* \< 0.0001 by two-way ANOVA). (G) Binding model that explains increased equilibrium binding and particle off-rate: naive cells bind more beads with fewer contacts per bead than activated cells.](nn-2013-05520d_0002){#fig1}

To compare stimulation of naive *versus* previously activated T cells, we used CD44-depleted naive CD8+ splenocytes isolated from either pmel TCR or 2C TCR transgenic mice ([Supplementary Figure 2A](#notes-3){ref-type="notes"}). This technique allowed us to isolate the truly naive T cells with defined antigenic specificities, whereas our previous work^[@ref3]^ and the work of others^[@ref24],[@ref25]^ relied on mixed populations of CD44 negative and CD44 high, naive and memory cells found in transgenic mice. Activated cells were generated by stimulating CD8+ splenocytes for seven days with soluble peptide, GP100 for pmel T cells and SIY for 2C T cells.

Three days after stimulation with a low dose of nano-aAPC presenting 8 ng of total MHC-Ig, naive pmel T cells had not proliferated as measured by CFSE ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, left), a vital dye that is diluted with each cell division. At the same dose, however, activated cells proliferated robustly ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, right). Nano-aAPC titration showed that naive cells had a higher threshold for nano-aAPC-induced proliferation (8--10 ng of total MHC-Ig) than activated cells (less than 1.5 ng of total MHC-Ig) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C).

As control for aAPC size, we assessed T cell proliferation induced by cell-sized, 4.5 μm diameter iron--dextran micro-aAPC. Micro-aAPC induced naive T cell proliferation at lower doses (1.5--8 ng MHC-Ig) than nano-aAPC as measured by CFSE dilution on day 3 ([Supplementary Figure 2B](#notes-3){ref-type="notes"}), with approximately 10--20-fold expansion on day 7 ([Supplementary Figure 2C](#notes-3){ref-type="notes"}).

Thus, while activated cells respond equivalently to nano- and micro-aAPC, naive cells have a higher threshold for nano-aAPC-based stimulation. This difference was not driven by differences in protein density between micro- and nano-aAPC, as micro-aAPC with higher density (HD) and lower density (LD) than nanoparticle-based aAPC induced identical proliferation when normalized for total MHC-Ig ([Supplementary Figure 2D,E](#notes-3){ref-type="notes"}). Since response was sensitive to particle size, we hypothesized that the difference in responses was due to differences in nanoparticle interactions with TCR nanoclusters on naive *versus* activated cells.

Nano-aAPC Bind More TCR on Activated Than Naive Cells {#sec2.2}
-----------------------------------------------------

To examine nanoparticle binding to TCR, we synthesized nanoparticles bearing MHC-Ig alone, thus removing the binding contribution of anti-CD28. Binding experiments were performed on naive and activated T cells, which bound nanoparticles bearing cognate MHC-Ig specifically and with low background ([Supplementary Figure 3A](#notes-3){ref-type="notes"}).

Nanoparticles were bound to naive and activated cells to equilibrium, followed by the addition of the anticlonotypic 1B2 blocking antibody to prevent rebinding. Nanoparticles showed faster disassociation from naive cells (half-life of 531 ± 149 s) than activated cells (984 ± 221 s) (*p* \< 0.02 by paired Student's *t* test) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D, [Supplementary Table 2](#notes-3){ref-type="notes"}).

Disassociation rates can be used to estimate the number of contacts between cells and multivalent ligands, with more contacts leading to slower disassociation.^[@ref26]^ Nanoparticle disassociation from cells was modeled as an exponential stochastic process, with disassociation of soluble MHC-Ig dimer used to derive parameters and validate the approach (see [Supplementary Table 2](#notes-3){ref-type="notes"} for details). The off-rate of a single TCR--MHC contact was measured for soluble MHC-Ig dimer binding to naive cells ([Supplementary Figure 3C](#notes-3){ref-type="notes"}), which is effectively monovalent.^[@ref13]^ As expected, MHC-Ig dimers disassociated more slowly from activated cells, leading to 1.7 estimated contacts ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E), consistent with previous reports.^[@ref13],[@ref26]^

Nanoparticle disassociation from naive cells was significantly slower than free MHC-Ig ([Supplementary Figure 3C](#notes-3){ref-type="notes"}) and 2-fold slower from activated cells than naive. Nano-aAPC thus made an estimated 6.8 contacts with naive cells, compared to approximately double (12.6) on activated cells ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E, [Supplementary Table 2](#notes-3){ref-type="notes"}). These numbers represent 11% and 22% of MHC-Ig dimers, respectively, attached to the surface of nano-aAPC.

Increased TCR--MHC contacts per particle could lead to fewer available TCR, inhibiting binding and limiting the total amount of nanoparticles that bind to an individual cluster. Consistent with this prediction, activated cells bound 2-fold fewer nanoparticles at equilibrium than naive cells across a wide range of particle concentrations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F). This difference was not due to T cell receptor expression, which was equivalent on naive and activated T cells ([Supplementary Figure 3B](#notes-3){ref-type="notes"}).

Together, the 2-fold increase in total nano-aAPC bound and 2-fold decrease of the TCR--MHC contacts engaged by naive cells suggest the binding model shown schematically in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}G. Naive cells bind more nano-aAPC utilizing fewer MHC contacts due to the small scale of TCR clusters prior to cell--nanoparticle contact. Activated cells, in contrast, bind fewer nanoparticles because each particle makes contact with more TCR.

Magnetic Fields Drive Aggregation of aAPC and TCR/CD3 {#sec2.3}
-----------------------------------------------------

Based on the hypothesis that nano-aAPC bind to nanoscale TCR clusters, we took advantage of nanoparticle binding to control TCR cluster aggregation and, thus, T cell activation. An exogenous magnetic field was used to drive aggregation of paramagnetic nano-aAPC bound to naive cells. Nano-aAPC were bound to naive T cells at 4 °C, then cultured at 37 °C between two neodymium disk magnets generating a maximum field strength of 0.2 T. We predicted that, in an external magnetic field, paramagnetic iron--dextran aAPC would be magnetically polarized and attracted to each other,^[@ref27]^ driving aggregation of TCR ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A).

![Clustering of aAPC and CD3ε induced by a magnetic field. (A) Schematic of magnet-induced clustering. (B) aAPC and CD3 aggregation immediately after nano-aAPC binding (Time 0) and after incubation in the presence or absence of a magnetic field. Cells were labeled with antibodies against LFA-1 (green), MHC-Ig on nano-aAPC (red), and CD3ε (magenta). Representative images are shown for cells prior to incubation (Time 0, top left), cells incubated with noncognate particles (Non-Cognate, top right), cells incubated with cognate nano-aAPC (No Magnet, bottom left), and cells incubated with cognate nano-aAPC in a magnetic field (Magnet, bottom right). (C) Aggregate detection shown for representative images from Time 0 group (two on left) and Magnet group (two on right). White outlines represent borders of CD3 clusters (magenta) identified by algorithm. (D) Average cluster area identified with cluster detection algorithm (15 cells/group). The No Magnet group had significantly larger clusters than Time 0 (\*, mean difference 0.22 μm^2^), and the Magnet group had significantly larger clusters than both Time 0 (\*\*, mean difference 0.46 μm^2^, *p* \< 0.0001 by ANOVA with Tukey post-test) and No Magnet (\*\*, mean difference 0.24 μm^2^). (E) Cells in No Magnet group had fewer clusters per cell than Time 0 (\*, mean difference 5.8 clusters), and Magnet group cells had fewer clusters per cell than No Magnet (\*\*, mean difference 1.9 clusters, *p* \< 0.001 by ANOVA with Tukey post-test).](nn-2013-05520d_0003){#fig2}

Cluster formation was assessed by confocal microscopy. After one hour of binding at 4 °C, we either stained and fixed cells immediately (Time 0) or transferred cells to a 37 °C incubator for 30 min in the absence or presence of a magnetic field. Cells were then stained with antibodies against LFA-1 (green), an adhesion molecule used as a control; CD3ε (magenta), a signaling component associated with TCR; and MHC-Ig (red), to visualize the nano-aAPC. Finally, cells were fixed and imaged.

Prior to incubation at 37 °C, aAPC and CD3ε were distributed in a punctate pattern on the membrane, with small clusters diffusely distributed across the cell surface (Time 0, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, top left). LFA-1 was uniformly distributed across the cell. The LFA-1 and CD3ε staining patterns were identical to those at Time 0 after 30 min of incubation with noncognate K^b^-SIINF particles (Non-Cognate, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, top right). In the absence of a magnetic field, incubation with cognate nano-aAPC did not drastically alter the distribution of either LFA-1, aAPC, or CD3ε (No Magnet, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, bottom left). However, after 30 min in a magnetic field, large aggregates of nano-aAPC formed on the membrane (Magnet, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, bottom right). These clusters of nano-aAPC co-localized with similarly sized clusters of CD3ε. The control molecule LFA-1 maintained a diffuse pattern across the membrane, indicating that CD3ε aggregation was due to its association with aAPC.

To characterize the size and number of aggregates induced by aAPC, a particle-identification program was developed in ImageJ. The program was able to identify both diffuse, punctuate clusters from Time 0 cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, left) and larger aggregates induced by magnetic fields ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, right).

Incubation in a magnetic field significantly increased TCR aggregation, beyond that seen after incubation with nano-aAPC alone, and led to larger CD3 complex aggregates on cells. Mean cluster area prior to incubation at 37 °C was 0.30 ± 0.03 μm^2^, and this did not change after incubation with noncognate nano-aAPC ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). aAPC alone increased cluster size to a mean of 0.52 ± 0.06 μm^2^ (*p* \< 0.001). Clustering was further enhanced in a magnetic field to a mean size of 0.73 ± 0.11 μm^2^ (*p* \< 0.001 compared to No Magnet). The mean number of clusters per cell decreased from 6.5 ± 0.6 at Time 0 to 3.0 ± 0.2 with a magnetic field ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). Nano-aAPC disassociation rate after culture in a magnetic field did not decrease ([Supplementary Figure 3D](#notes-3){ref-type="notes"}), suggesting aggregate formation was not associated with an increase in TCR/MHC contacts, but rather aggregation of TCR nanoclusters bound to aAPC.

The impact of external magnetic fields was also studied using micro-aAPC ([Supplementary Figure 4A](#notes-3){ref-type="notes"}). While applying a magnetic field drove micro-aAPC aggregation, aggregation of micro-aAPC was not associated with aggregation of TCR/CD3 on cells. CD3 clusters on T cells were 0.39 ± 0.03 μm^2^ in area when incubated with micro-aAPC in the absence of a magnetic field and 0.37 ± 0.03 μm^2^ with micro-aAPC in the presence of a magnetic field ([Supplementary Figure 4B,C](#notes-3){ref-type="notes"}), indicating that a magnetic field did not enhance CD3 clustering when T cells were stimulated with micro-aAPC. This is likely due to the large size of microparticles relative to TCR nanoclusters.

In summary, nano- but not micro-aAPC aggregation induced by a magnetic field led to a 2-fold increase in TCR/CD3 aggregate size and a 2-fold decrease in the number of aggregates per cell. Since receptor aggregation is known to be a strong and sufficient signal for T cell activation,^[@ref28]^ we examined the effect of magnet-induced TCR clustering on T cell proliferation.

Activation in a Magnetic Field Enhances Proliferation of Naive T Cells {#sec2.4}
----------------------------------------------------------------------

To assess whether activation of T cells by nano-aAPC was enhanced by culture in a magnetic field, CFSE-labeled pmel T cells were incubated with increasing doses of Db-GP100 nano-aAPC and cultured with or without an external magnetic field. Naive T cells proliferated in a magnetic field at doses of nano-aAPC that induced minimal proliferation otherwise ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). After incubation with nano-aAPC bearing 5 ng of MHC-Ig, 29% of cells in culture had proliferated, compared to 89% of cells in a magnetic field. Proliferation at day 7 was up to 4-fold greater compared to no-magnet controls ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Culture in a magnetic field without nano-aAPC did not lead to T cell proliferation (data not shown).

![Magnet-enhanced nano-aAPC stimulation leads to robust T cell proliferation *in vitro*. (A) Pmel T cell proliferation by CFSE dilution three days after stimulation with nano-aAPC in the presence (red) or absence (black) of a 0.2 T external magnetic field. (B) Fold expansion of samples described in A seven days after stimulation. (C) Pmel T cells incubated with a 5 ng MHC-Ig dose of nano-aAPC and 0.2 T magnetic field for 0--24 h. Proliferation assessed by CFSE dilution at day 3. (D) Fold expansion of samples from C seven days after stimulation (\*, *p* \< 0.001 by ANOVA with Tukey post-test). (E) Pmel T cells incubated with a 5 ng MHC-Ig dose of nano-aAPC and magnetic fields of increasing maximal strength (0.15--0.225 T) generated by neodymium magnets of increasing thickness for 24 hours. (F) Proliferation of samples from E seven days after stimulation (\* greater than no magnet, \*\* greater than 0.15 T magnet, *p* \< 0.001 by ANOVA with Tukey post-test). (G) Antigen-specific expansion of endogenous CD8+ lymphocytes from wild-type mice after stimulation with Kb-Trp2 nano-aAPC in the presence or absence of a 0.2 T magnetic field for 24 hours. After seven days, populations were stained with cognate Kb-Trp2 (top row) or noncognate Kb-SIINF (bottom row) MHC-Ig dimer.](nn-2013-05520d_0004){#fig3}

In contrast, culture with micro-aAPC in a magnetic field did not lead to enhanced T cell expansion compared to no magnet controls, as measured by both day 3 CFSE dilution and proliferation at day 7 ([Supplementary Figure 4D,E](#notes-3){ref-type="notes"}).

Magnetic bead clustering has previously been used to study effects of both mechanical stress^[@ref29]^ and receptor clustering^[@ref21],[@ref27]^ in other systems, and a role has been suggested for mechanical triggering of TCR.^[@ref30],[@ref31]^ However, since micro-aAPC in a magnetic field are likely to transmit greater mechanical forces than nano-aAPC but do not induce TCR aggregation or enhanced proliferation, the magnet-enhanced proliferation effect seen with nano-aAPC is likely due to receptor aggregation rather than mechanical receptor "pulling".

The duration and strength of magnetic field stimulation required for optimal expansion by nano-aAPC were assessed by the addition and removal of neodymium magnets of varying size. One to three hours in a magnetic field ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D) and a field strength of 0.2 T or more ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E,F; [Supplementary Figure 5](#notes-3){ref-type="notes"}) drove 10-fold T cell expansion after one week.

Magnetic field-enhanced aAPC stimulation also enhanced expansion of antigen-specific T cells from endogenous, polyclonal T cell populations. We synthesized nano-aAPC bearing the Kb-Ig dimer loaded with the Trp2 peptide, which is specific for the Trp2 melanoma antigen. CD8+ splenocytes from wild-type B6 mice were cultured with a limiting dose of aAPC, and, after seven days, antigen-specific T cells were analyzed. Nano-aAPC alone, at this dose, led to 0.70% Trp2-specific cells, as determined by comparing cognate Kb-Trp2 binding to noncognate Kb-SIINF binding ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}G). When incubated with T cells in a magnetic field, however, aAPC generated approximately 3.4% antigen-specific T cells after a single week ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}G). This resulted in approximately 37 000 ± 3900 Trp-2-specific cells generated from a pool of 10 × 10^6^ precursor cells in a magnetic field, compared to 6700 ± 630 without a magnetic field (approximately 5.5-fold difference, *p* \< 0.01 by Student's *t* test). With CD8 precursor frequencies estimated to be on the order of 10--800 per 10 million,^[@ref32]^ this suggests 450- to 3600-fold expansion in culture with a magnetic field, comparable to the 1000-fold precursor expansion seen with viral infection *in vivo.*([@ref33])

Magnetic Field-Enhanced T Cell Activation for Adoptive Immunotherapy {#sec2.5}
--------------------------------------------------------------------

The potential for enhancing stimulation of antigen-specific cells led us to study magnetic field-enhanced aAPC stimulation prior to adoptive transfer *in vivo*. Thy1.1+ pmel T cells were activated *in vitro* with aAPC in the presence or absence of a magnetic field and adoptively transferred into wild-type, Thy1.2+ recipient mice (see schematic in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Seven or 21 days after adoptive transfer, mice were sacrificed and assessed for adoptively transferred, Thy1.1+ cells.

![Magnet-enhanced T cell expansion *in vivo* and increased efficacy of adoptive immunotherapy. (A) Schematic of adoptive immunotherapy model. CD44lo, CD8+ T cells from Thy1.1+ pmel TCR transgenic mice were stimulated *in vitro* for 24 h in the presence or absence of nano-aAPC (5 ng total MHC-Ig) and magnetic field prior to being adoptively transferred into wild-type, Thy1.2+ B6 recipient mice (6 mice per group). (B) Representative frequencies of Thy1.1 cells from spleens 7 days after transfer and lymph nodes 21 days after transfer. (C) Frequencies of Thy1.1+ cells were significantly higher in mice given T cells stimulated with nano-aAPC in a magnetic field (red) compared to nano-aAPC with no magnet (gray) and no stimulation (white) (*p* \< 0.001 for treatment effect by two-way ANOVA for day 7 and 21). (D) Total Thy1.1+ cells in all organs combined on day 7 and day 21. Five-fold more cells were observed in the nano-aAPC + Magnet group than nano-aAPC alone group on day 7 (*p* \< 0.05 by Student's *t* test), but did not reach significance on day 21 (*p* = 0.15). (E) Schematic of treatment of established tumors with magnetic-field-enhanced adoptive immunotherapy. SC tumors were administered on day 0, partial myeloablation on day 9, and CD44lo, CD8+ pmel T cells stimulated for 24 h with either nano-aAPC (5 ng total MHC-Ig) in a magnetic field (red) or nano-aAPC with no magnet (black) were transferred on day 10. T cell alone (gray) and untreated (unfilled) groups were used as control (8 mice per group). (F) Treatment with magnet-enhanced nano-aAPC-activated T cells attenuated tumor growth compared to no magnet and control groups (*p* \< 0.0001 for treatment effect by two-way ANOVA). Arrow indicates time point of adoptive transfer (day 10). Mice were censored if dead or tumors were greater than 150 mm^2^. Treatment led to increased survival in T cells + nano-aAPC + Magnet group (*p* \< 0.001 by Mantel--Cox log-rank test).](nn-2013-05520d_0005){#fig4}

Magnetic field-enhanced nano-aAPC stimulation resulted in robust expansion of the transferred T cell population. On day 7, 3.1% of T cells in the spleen were Thy1.1+ for T cells stimulated in a magnetic field, compared with 0.6% for cells stimulated with aAPC but no magnetic field, and 0.2% for untreated T cells alone that were not stimulated prior to adoptive transfer (*p* \< 0.01, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C). The largest percentage of cells was observed in the spleen on day 7 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). The total Thy1.1+ cells in all organs examined reached approximately 1 × 10^6^ for the magnetic field-enhanced group ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D) on day 7, compared to less than 2 × 10^5^ for the no magnet group. This 5-fold enhancement was roughly consistent with the enhancement seen *in vitro*. While fewer cells were seen on day 21, T cells activated by aAPC in a magnetic field established a detectable population in lymph nodes (0.15%), compared to 0.04% from T cells activated by aAPC alone and 0.01% from cells that were not stimulated at all (*p* \< 0.05, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B--D).

The functional consequences of magnetic-field-enhanced T cell stimulation were studied by treatment of B16 melanoma, a poorly immunogenic tumor with a high threshold for immune rejection.^[@ref34]^ Pmel T cells were adoptively transferred into mice bearing established subcutaneous B16 tumors 10 days after tumor injection ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E), and transient lymphopenia was induced by sublethal irradiation (500 cGy) of mice one day before adoptive transfer as per standard approaches to adoptive immunotherapy.^[@ref35],[@ref36]^

Tumor-specific T cells activated by aAPC in a magnetic field strongly inhibited tumor growth compared to no treatment controls, T cells alone, and T cells stimulated by aAPC without a magnetic field (*p* \< 0.0001 treatment effect by two-way ANOVA, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F). At day 18, mice treated with magnetic field-enhanced T cells had 8- to 10-fold smaller tumors than untreated or no magnet T cell treated mice. Similarly, magnetic field-enhanced T cells significantly improved host survival, with 6/8 mice surviving and 4/8 having no detectable tumor at day 28 postinjection (*p* \< 0.001, Mantel--Cox, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F).

Conclusion {#sec3}
==========

Receptor triggering by nanoparticles depends on poorly understood interactions at the membrane--nanoparticle interface.^[@ref12]^ We demonstrate for the first time that nanoparticle binding and cellular activation are sensitive to membrane spatial organization, which is particularly important during T cell activation. We further show that magnetic fields can be used to manipulate cluster-bound nanoparticles to enhance activation.

Nanoparticle platforms are well-suited to *in vivo* administration and cellular therapy, as they are less likely than microparticles to induce tissue infarction or inflammation when co-infused with cells.^[@ref37]^ Iron--dextran nanoparticles are available in GMP-grade formulations, and cell isolation using magnetic enrichment followed by infusion is a staple of cellular therapy,^[@ref38],[@ref39]^ suggesting that magnet-induced receptor aggregation could be incorporated into immunotherapy protocols. Furthermore, magnetic fields have been used to direct trafficking of paramagnetic particles and particle-labeled cells *in vivo,*([@ref40]−[@ref42]) a technique that could be coupled with magnetic clustering to direct site-specific T cell activation.

Finally, the use of applied magnetic fields allowed us to activate naive T cell populations, which were otherwise poorly responsive to stimulation. This is an important feature of immunotherapy, as naive T cells have been shown to be more effective than more differentiated subtypes for cancer immunotherapy,^[@ref43]−[@ref45]^ with higher proliferative capacity and greater ability to generate strong, long-term T cell responses. Thus, these studies reveal a novel approach whereby nano-aAPC can potentially be coupled to magnetic field-enhanced activation of T cells to increase the yield and activity of antigen-specific T cells expanded from naive precursors, improving cellular therapy for cancer.

Methods {#sec4}
=======

Mice and Reagents {#sec4.1}
-----------------

2C TCR transgenic mice were maintained as heterozygotes by breeding on a C57/BL6 background. Pmel TCR/Thy1^a^ Rag--/-- transgenic mice were a gift from Nicholas Restifo (National Institutes of Health, Bethesda, MD, USA) and maintained as homozygotes. C57BL/6j mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). All mice were maintained according to Johns Hopkins University's Institutional Review Board. Fluorescently labeled monoclonal antibodies were purchased from BioLegend (San Diego, CA, USA).

Preparation of MHC-Ig Dimers and Nano-aAPC {#sec4.2}
------------------------------------------

Soluble MHC-Ig dimers, K^b^-Ig and D^b^-Ig, were prepared and loaded with peptides as described;^[@ref8]^ see [Supporting Information](#notes-3){ref-type="notes"}. Nano-aAPC were manufactured by direct conjugation of MHC-Ig dimer and anti-CD28 antibody (37.51; BioLegend) to MACS Microbeads (Miltenyi Biotec) as described.^[@ref3]^ Protein bound to nanoparticles was measured by fluorescence as described in the [Supporting Information](#notes-3){ref-type="notes"}.

*In Vitro* Cell Expansion {#sec4.3}
-------------------------

Cells were obtained from homogenized mouse spleens and lymph nodes followed by hypotonic lysis of red blood cells. Cytotoxic lymphocytes were isolated using a CD8 no-touch isolation kit and magnetic enrichment column from Miltenyi Biotec (Cologne, Germany). CD44-biotin antibody was added to primary cocktail to isolate CD44lo, naive cells. Where applicable, cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) for 15 min at 37 °C, then washed extensively.

CD8+ T cells and nano-aAPC, at the indicated dosages, were mixed and cultured in 24-well flat-bottom or 96-well round-bottom plates for 4--7 days in complete RPMI media supplemented with T cell factor, a cytokine enriched cocktail of conditioned media harvested from stimulated human PBMC.^[@ref46]^ Where indicated, culture plates were fixed between two neodynium N52 disk magnets between 1/4 and 3/4 in. in length (K&J Magnetics, Jamison, PA, USA). CFSE fluorescence was measured at indicated time points using a BD FacsCalibur flow cytometer and analyzed in FlowJo (TreeStar). Fold expansion was assessed by cell counts seven days after stimulation. Expansion of endogenous antigen-specific cells was assessed by staining with 400 nM fluorescently labeled MHC-Ig dimer seven days after activation.

Particle Binding Assays {#sec4.4}
-----------------------

For equilibrium particle binding assays, CD8^+^ T cells were incubated at 4 °C at a concentration of 10^7^ cells/mL in FACS wash buffer (PBS + 2% FCS + 0.05% sodium azide). Aliquots (30 μL) of cells were mixed with varying concentrations of nanoparticles bearing fluorescently labeled MHC-Ig dimer for 60--90 min. After washing, cell-bound fluorescence was measured by flow cytometer, and MCF (mean channel fluorescence) was calculated using FlowJo.

For particle off-rate binding assays, cells and a saturating dose of nanoparticle or soluble MHC-Ig dimer were bound to steady state as described above. MCF was measured at time 0, followed by the addition of excess clonotypic 1B2 blocking antibody to prevent rebinding. MCF was measured at the indicated time points, and effective off-rate was calculated for exponential decay in GraphPad Prism (La Jolla, CA, USA). Cell--particle contacts were estimated as described in [Supplementary Table 2](#notes-3){ref-type="notes"}.

Microscopy {#sec4.5}
----------

T cells were bound to nano-aAPC for 60 min at 4 °C. Cells were subsequently transferred to a 96-well plate at 37 °C in the presence or absence of a magnetic field generated by neodymium N52 disk magnets. After 30 min, cells were washed and stained at 4 °C with Alexa488 anti-LFA1, monoclonal PE anti-mouse IgG1, and Alexa 647 anti-CD3ε. Samples were washed and fixed immediately with 2% paraformaldehyde. Images were acquired on a Zeiss LSM 510 META (Zeiss, Oberkochen, Germany) laser scanning confocal microscope at 100× magnification at the Johns Hopkins School of Medicine Microscopy Facility. CD3ε cluster size was determined using a particle-detection algorithm written in ImageJ (National Institutes of Health) using the built-in particle analyzer.

Effect of Nano-aAPC on *inVivo* T Cell Expansion and Inhibition of Subcutaneous Tumor Growth {#sec4.6}
--------------------------------------------------------------------------------------------

CD44lo, CD8+ cells were isolated from pmel spleen and lymph nodes using a magnetic enrichment column and activated for 24 h in the presence or absence of a magnetic field as described above. A total of 1 ×10^6^ Thy1.1+ pmel cells were adoptively transferred into B6 Thy1.2+ wild-type hosts (*n* = 6 mice per group). Mice were treated both the day of and the day after adoptive transfer with 30 000 units intraperitoneal IL-2. Seven and 20 days after adoptive transfer, three mice per group were sacrificed and lymphocytes were isolated from peripheral blood, spleen, and inguinal, cervical, and axillary lymph nodes and then stained with anti-Thy1.1 antibody.

Tumor rejection experiments were performed as above, except 3 × 10^5^ B16 melanoma cells were injected subcutaneously 10 days prior to T cell adoptive transfer. Transient lymphopenia was induced by sublethal irradiation (500 cGy) one day before adoptive transfer with an MSD Nordion Gammacell dual Cs137 source (Johns Hopkins Molecular Imaging Center), as irradiation-induced lymphopenia is thought to remove immunosuppressive host cells and reduce competition for lymphotrophic cytokines^[@ref35]^ and significantly enhances the effect of immunotherapy for melanoma in clinical trials.^[@ref36]^ Tumor growth was monitored at two-day intervals using digital calipers, until tumor size was ∼150 mm^2^, at which point animals were euthanized.
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